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 Magnetic State and Thermal Conductivity in Frustrated Spin Systems 
 
Introduction 
In non-magnetic insulators, typically, the thermal conductivity due to phonons, phonon, shows a 
peak at a low temperature of ~20 K. In magnetic insulators, on the other hand, the thermal 
conductivity is given by the sum of phonon and the thermal conductivity due to magnetic excitations, 
spin, and both phonon and spin change depending on the magnetic state through the phonon-spin 
interaction. At present, the behavior of the thermal conductivity has been understood well in 
typical three-dimensional antiferromagnetic (AF) systems and in low-dimensional quantum spin 
systems. That is, in the former the thermal conductivity shows a dip around the AF transition 
temperature TN, and in the latter large spin appears in the thermal conductivity parallel to the 
spin network, //. In frustrated spin systems, however, very few studies of the thermal conductivity 
have been reported, so that features of the thermal conductivity common to frustrated spin 
systems have not yet been clarified. In such systems, the frustration between spins prevents any 
magnetic ordering from being developed, TN is much lower than the absolute value of the 
Curie-Weiss temperature, |CW|, below which a magnetic correlation is developed, so that strong 
spin-fluctuations appear in the temperature region between TN and |CW|. In frustrated spin 
systems YMnO3 and ZnCr2O4 with high values of |CW|, it has been reported that the thermal 
conductivity is strongly suppressed at low temperatures below |CW| and suddenly increases 
below TN with decreasing temperature. The strong suppression of the thermal conductivity in the 
temperature region between TN and |CW| has been explained as being due to the suppression of 
phonon by the strong spin-frustrations. In frustrated spin systems LiCu2O2 and Gd2Ti2O7 with low 
values of |CW|, on the other hand, the thermal conductivity has been reported, but the behavior 
of the thermal conductivity has not been discussed in terms of frustration. From these results, I 
have inferred that there is a feature of phonon in frustrated spin systems that the peak temperature 
where the temperature dependence of phonon shows a peak is proportional to |CW|. As for the 
behavior of spin in frustrated spin systems, it has not been discussed so far. 
The thermal conductivity is a sensitive probe to detect the change of a magnetic state and the 
appearances of a magnetic order. In the AF ordered state of Ca2Y2Cu5O10, for example, a sudden 
change of phonon has been observed at the spin-flopping magnetic-field. Since novel magnetic 
phases often appear in frustrated spin systems due to the strong spin-fluctuations, it is possible to 
find a new magnetic state from the thermal conductivity measurement. 
In order to clarify features of the thermal conductivity in frustrated spin systems and to find 
new magnetic states, I have measured // and the thermal conductivity perpendicular to the spin 
network, , in zero field and magnetic fields for single crystals of four frustrated spin systems 
with various values of |CW|, the AF one-dimensional spin system with spin dimers Cu3Mo2O9 (TN 
= 8 K, |CW| = 43 K), AF spin triangular-lattice systems Ba3CoSb2O9 (TN = 3.8 K, |CW| = 51 K) 
and CuFeO2 (TN1 = 14 K, TN2 = 11 K , |CW| = 90 K), and the AF spin pyrochlore-lattice system 
 MgCr2O4 (TN = 12.5 K, |CW| = 370 K). 
 
Experimental 
Single crystals of Cu3Mo2O9 were grown by the continuous solid-state crystallization method. 
Single crystals of Ba3CoSb2O9, CuFeO2 and MgCr2O4 were grown by the floating-zone method. 
Particularly, I have grown single crystals of Ba3CoSb2O9 and CuFeO2 by myself and have checked 
the quality of the single crystals to be good by the x-ray back-Laue photography and the powder 
x-ray diffraction. Thermal conducting measurements were carried out by the conventional 
steady-state method. 
 
Results and discussion 
It has been found that peaks in the temperature dependence of // and  are observed at ~80 K 
for Cu3Mo2O9, ~40 K for Ba3CoSb2O9, ~60 K for CuFeO2, but that no peak is observed below room 
temperature for MgCr2O4. Both // and  in all these systems tend to increase below TN or TN2 
with decreasing temperature. Furthermore, it has been found from the anisotropy of // and  that 
spin is small so that phonon is dominant in the thermal conductivity. Therefore, the observed peaks 
in // and  are due to those of phonon. From the plot of the peak temperatures of phonon vs. |CW|, 
it has been found that the peak temperature of phonon is certainly proportional to |CW| even in 
frustrated spin systems with low values of |CW|. Moreover, it has been found that 
three-dimensional AF systems CoO, UO2 and CoF2 also follow this relation, which is inferred to be 
due to the geometric frustration between spins in these systems. In low-dimensional spin systems 
without frustration, this relation does not hold good. Accordingly, it has been concluded that the 
proportional relation between the peak temperature of phonon and |CW| is a feature in frustrated 
spin systems. This is interpreted as being due to low-energy magnetic excitations based on the 
short-range magnetic correlation which appear and scatter phonons strongly in the temperature 
region between TN and |CW|, because these magnetic excitations easily satisfy the energy and 
momentum conservation laws in the phonon-spin scattering process. As for the behavior of spin, 
values of spin have been estimated from the anisotropy of // and  as ~1 W/Km for Cu3Mo2O9, 
almost zero for Ba3CoSb2O9 and CuFeO2, and below ~1 W/Km for MgCr2O4. It has been found that 
these values are too small even if considering values of the exchange interaction between the 
nearest neighboring spins in the spin network. Therefore, it has been concluded that spin is 
strongly suppressed by these magnetic excitations as well as phonon. 
In Cu3Mo2O9, it has been found that the thermal conductivity increases above ~7 T with 
increasing field in all the principal directions. Since it has been reported from other measurements 
that no magnetic order takes place at ~7 T, it has been concluded that the increase of the thermal 
conductivity is due to the appearance of a new order and that a candidate for the new order is a 
spin-chirality order. In Ba3CoSb2O9, it has been found that the thermal conductivity increases at 
~13 T with increasing field parallel to the triangular-lattice plane. Since this behavior cannot be 
 explained as being due to the field dependence of the spin gap observed from the magnetization 
measurements, it has been concluded that some change of the magnetic state occurs at ~13 T. For 
CuFeO2 and MgCr2O4, on the other hand, it has been found that the field dependence of the 
thermal conductivity shows no change indicating the appearance of any new magnetic state and 
can be explained in terms of the field dependence of the spin gap. 
 
Conclusions 
It has been concluded that phonon show a peak around |CW| and that spin is suppressed, which 
is a feature of the thermal conductivity common to frustrated spin systems.  The feature is due to 
low-energy magnetic excitations based on the short-range magnetic correlation which appear and 
strongly suppress phonon and spin in the temperature region between TN and |CW|. These results 
suggest that spin systems with strong spin-frustration are suitable for the application to 
low-thermal-conducting materials. 
It has been concluded that a spin-chirality order may occur in magnetic fields above ~7 T in 
Cu3Mo2O9 and that a new magnetic state may occur at ~13 T in Ba3CoSb2O9. These indicate that 
the thermal conductivity is a very useful probe to investigate the magnetic state even in frustrated 
spin systems. 
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??????????Ni2+?S = 1??Co2+?S = 3=2?????????FCC????
?????????? 1.8??NiO?CoO?????????????? [21] ?????
????????????? TN?????????????????????????
????????????????? [22] ???? phonon?????????????
c
b
a
Ni, Co
O
(a) (b)
? 1.7: (a)NiO?CoO??????(b)????????Ni2+?Co2+????????
???
CoO
NiO
TN =525K
TN =293K
? 1.8: NiO? CoO??????????? [21] ?
14 ? 1? ??
??????????TN?????? spin????????????????????
??????spin??????????????
????????? 1.9??????  1phonon-spin?????????????TN???
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????? 1phonon-spin?????
?????????? phonon-spin????????????????TN?????? 1.9
????????????????????????????????????????
????????????????????????????????????????
??? jCWj??????????????????????????????????
????????????????????????????????????????
?????????????????????? 1phonon-spin????????phonon-spin
?????????TN ?????????????????????????????
????????????????????????????????????????
??????????????????? 1phonon-spin ?????phonon-spin ??????
TN ???  1phonon-spin ?  1phonon-phonon ????????????????phonon-spin ?
phonon-phonon?????????????lphonon???????????? 3?????
???? TN  jCWj??????TN ??? phonon ???????????????
???
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? 1.9: TN?????????? jCWj??? 3???????????phonon?Cphonon?
vphonon?lphonon???????TN???TN???TN???????????????
????????????????????????????????????????
????????????????
16 ? 1? ??
1.3.2 ???????????
???????????????????????????????????????
??????????????1?????????? Sr2CuO3 [8{10] ? SrCuO2 [8, 11,
12] ? 2???????????? La2CuO4 [23] ????
1???????? Sr2CuO3?SrCuO2
? 1.10(a)??Sr2CuO3?????????Sr2CuO3??S = 1=2???????Cu2+
???? 4????????CuO4???????????b?????????????
????Cu2+???????????????O2 ????????????????
???????????????????????????Cu-O-Cu????? 180?
?????????????????????????????????????????
1.10(b)???????Sr2CuO3? 1??????????????????????
? 1.11(a)??SrCuO2?????????SrCuO2??S = 1=2???????Cu2+?
??? 4????????CuO4???????????c??????????????
???Sr2CuO3??????CuO4????????? 2?????????CuO4???
????????????????????????c??????Cu-O-Cu?????
?????? 180????????????????????????????????
c
b
a
Cu2+ : S = 1/2
(a) (b)
CuO4
Sr
J/kB ~ 2000 K
? 1.10: (a)Sr2CuO3??????(b)?????? Cu2+?????? b???????
???????????
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c
b
a
Cu2+ : S = 1/2
(a) (b)
CuO4
Sr J/kB ~ 2000 K
J ’/kB ~ 250 K
? 1.11: (a)SrCuO2??????(b)??????Cu2+?????? b????????
??????????
??????Cu-O-Cu? 90??????????? J '??????????Cu-O-Cu
? 180??????????? J ? 1??????????? [24] ?????????
???????????? 1.11(b)???????1??????? 2?????????
?????????????Sr2CuO3???? SrCuO2? 1?????????????
???
? 1.12??Sologubenko?????? Sr2CuO3? SrCuO2?????????????
? [8] ????????20 K???????????????????????????
?????? ?spin-chain???70 K??????????????20 K????????
?????????????phonon??????????????????70 K???
????????????????? ?spin chain????????spin-chain??????
??????????spin??????????????????spin-chain? ?spin-chain
??
?spin-chain = phonon + spin (1.16)
?spin-chain = phonon (1.17)
?????????????????????? spin???? J ??????????
??J ??????????????? vspin?????J ??????????????
? vspin??????????
18 ? 1? ??
c
b
a
b
a
c
SrCuO2
Sr2CuO3
c
b
a
c
b
a
? 1.12: Sr2CuO3? SrCuO2??????????? [8] ?
?????spin-chain????? phonon??????????????? 1.13?????
????????????????????J ???????????????????
???????????????????3????????????????????
???????????? 1phonon-spin????????????J ??????????
???????? 1.13??????????????????????????????
?????1??????????????????????????????????
????????????????????????????????????????
?? 1phonon-spin?????????????????????????????????
????????????????????? 3??????????????3???
????????????TN???  1phonon-spin??????????????????
??J ??????????????????????????? 1phonon-spin?????
3?????????????????????????? 1.13????? 1phonon-spin?
 1phonon-phonon????????????????????????? phonon?????
?????????Sr2CuO3? TN? 5 K?????????????????????
?????????????????????????? phonon??????????
???????
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0
ħω
q
phonon
spin
0
ħω
q
phonon
spin
0
ħω
q
phonon
? 1.13: ????????????? phonon?Cphonon?vphonon?lphonon???????
????J ???J ?? TN???TN???????????????????????
????????????????????????????????????????
????????
20 ? 1? ??
????spin-chain ?????? spin ??? 1.14???????????????lspin
????????  1spin-phonon ?  1spin-spin ?????? 1spin-phonon ??????????
??????????????????????????J ?????????????
?????????????????????????????????????????
???? 1spin-phonon???????????????????????????????
?????????????????????????? 1spin-phonon??????????
 1spin-spin???????????????????????????????J?????
????????????????????????????????????????
?  1spin-spin???????????????????????????????????
????????????????????????  1spin-spin????????phonon?
???  1phonon-phonon???????????????????????????????
 1spin-phonon??????????J ????????????????????????
??phonon????  1phonon-spin??????????????????? 1spin-spin? lspin
??????????????Cspin?????TN????????????spin???
????????????????????????????????????????
? TN?????????????????TN??? 3????????????????
??????????? spin?????????????????vspin????????
1.2.3???????????????????????????J ??????????
????????????????????????????????? vspin?????
???????J ????????????????????????????????
??????????????????????? 1.14???????J ???????
???? vspin??????????????????????????????????
???J ?????????? spin????????? spin????????Cspin??
 1spin-spin??????? lspin???????????????????????????
????
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T
τ spin-impurityτ spin-spin
TN
0
l spin
J
C spin
v spin
κ, C, v, l, τ τ spin-phonon
κ spin
0
ħω
q
phonon
spin
0
ħω
q
phonon
spin
0
ħω
q
phonon
? 1.14: ????????????? spin?Cspin?vspin?lspin???????????J
???J ?? TN???TN????????????????????????????
????????????????????????????????????????
???
22 ? 1? ??
2?????????? La2CuO4
La2CuO4??????????????????????? 1.15(a)??La2CuO4??
???????ab???????????S=1/2???????Cu2+???? 4???
????? CuO4???????????? 1.15(b)?????? 2?????????
????????????
La2CuO4??????? 1.16??? [23] ??????????????? ab????
????? ab?? 20 K??????? 300 K???????????????????
??????? c???????? c?? 20 K??????????????????
????????? 20 K??????? phonon??????????????????
??? ab??????? 300 K??????? spin???????????????
?????2??????????????????? ab?????? c??????
?spin-plane = phonon + spin (1.18)
?spin-plane = phonon (1.19)
??????????????SrCuO2?Sr2CuO3?????J ????????????
???????? vspin?????J ???????????????????? vspin?
?????????
???phonon? spin????????????SrCuO2?Sr2CuO3????????
?? 1.13?? 1.14???????????????
SrCuO2?Sr2CuO3?La2CuO4?????????????????????????
c
b
a
Cu2+ : S = 1/2
(a) (b)
CuO6
La
J/kB ~ 1700 K
? 1.15: (a)La2CuO4??????(b)?????? Cu2+?????? ab??????
???????????
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? 1.16: La2 xSrxCuO4??????????? [23] ?????????????? (a)ab
???????? (b)c?????????
????????spin??????????????????????????????
????????? spin??????????
24 ? 1? ??
1.3.3 ??????????
??????? S = 1=2????????????????????????????
????????????????????????????????S = 0??????
???????????? S = 1?????????????????????????
???????????????????????????????????????
???????????????? J ????????????
???????????????????????????????????????
????????????? 1phonon-spin??????????????????????
?? 1phonon-spin ?????? lphonon ???????????????????????
1.17??????????????????????????????????????
???????????????????? 1phonon-spin???????lphonon??????
????????????????????????????????????????
???????? SrCu2(BO3)2 [15, 16] ? TlCuCl3 [17, 18] ???????????
E
H
Triplet
Singlet
S=1
S=0
0
∆
? 1.17: ????????????????
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2???????????? SrCu2(BO3)2
? 1.18??????SrCu2(BO3)2???? ab????????? [25] ???????
Cu2+? S = 1=2????????ab???????????????????????
????????????????????????????????????????
??????? = 34 K????????????? [26] ?
? 1.18??SrCu2(BO3)2???? a???????? a????????? [25] ??
????????a? 10 K?????????4 K????????????????
???????????E  0:2 meV????? [26] ?vspin???????spin??
?????????SrCu2(BO3)2?????? phonon?????????????a??
a = phonon (1.20)
??????????????10 K???? a????????? (1.21)???  1phonon
????? phonon??????????????
 1phonon = 
 1
phonon-impurity + 
 1
phonon-phonon + 
 1
phonon-spin (1.21)
????????????? 10 K??????????????????????????
? 1.18: SrCu2(BO3)2 ???? a ???????? a ?????? [25] ?????
SrCu2(BO3)2? ab??????????????
26 ? 1? ??
????????????????????????????????????? 1phonon-spin
???????? phonon????????????????
? 1.18??????????????? 10 K???????????????4 K?
??? a ???????? 1.19??????????????? a ????????
???????????????? 1.20????? 1phonon-spin????????????
???????Cphonon? vphonon???????????????lphonon???????
 1phonon-impurity?  1phonon-phonon?????????? 1phonon-spin???????????
????????? 1.17?????????????????????????????
??????????????????????????  1phonon-spin??????????
phonon???????????????
0
50
100
0 5 10 15
κ
 
a 
(m
W
/K
cm
)
H (T)
T = 4K
SrCu2(BO3)2
? 1.19: SrCu2(BO3)2? 4 K???? a???????? a???????
H
κ, C, v, l, τ
κ phonon
0
C phonon
v phononl phonon τ phonon-spin
τ phonon-phonon
τ phonon-impurity
? 1.20: SrCu2(BO3)2???? phonon?Cphonon?vphonon?lphonon???????????
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1.3.4 ??????????
1??????Ca2Y2Cu5O10
? 1.21??Ca2Y2Cu5O10?????????Ca2Y2Cu5O10????????CuO2?
??????????????? 1.22??Ca2Y2Cu5O10???? a???????? a
????????? [27] ????????10 T???? a?????????????
???? 10 T?????? 1.23??????? [28] ????????????10 T??
???????????????????????????a????????????
?????????????
a????????????????????vspin??????? phonon?????
??a ????????????? 1.24?????????????????????
Cphonon? vphonon???????????????lphonon??????? 1phonon-impurity
?  1phonon-phonon ?????????? 1phonon-spin ???????????????10 T
????????????????  1phonon-spin????????????phonon???
?????????????
? 1.21: Ca2Y2Cu5O10??????
28 ? 1? ??
? 1.22: Ca2Y2Cu5O10???? a???????? a?????? [27] ???? b??
??????
? 1.23: Ca2Y2Cu5O10???? b?????????????????? [28] ?
H
κ, C, v, l, τ
κ phonon
0
C phonon
v phononl phonon τ phonon-spin
τ phonon-phonon
10T
τ phonon-impurity
? 1.24: Ca2Y2Cu5O10????phonon?Cphonon?vphonon?lphonon???????????
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1.4 ?????????????
1.4.1 ?????????
???????????????????????????????????????
????????????????????????????????????????
????????????? 1.25(a)? (b)?????????????? J1??????
???????? J2??????????????J1-J2??????????????
1.25(c)?????????????????????????????????????
?????????????????????????????????????????
??? J1-J2??????????????????????????????????
??????????????????????????
? 1.25(a)? (b)???? J1-J2???????? 1????????????????
??? J2???????? J1??????????????????????????
????????????????????????????????????????
???????? 1.25(c)?????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????TN?????????????????????? jCWj??
?
(c)
最隣接相互作用 J1 ： 強磁性
第二隣接相互作用 J2 ： 反強磁性
最隣接相互作用 J1 ： 反強磁性
第二隣接相互作用 J2 ： 反強磁性
(a)
(b)
? 1.25: ??????? J1? (a)???? (b)????????????J1??????
??? J2?????? J1-J2?????????????(c)????????????
????????????????????????????????
30 ? 1? ??
??????????? 1.26???????????????????????????
?????????jCWj????????????????????????????
?????????????????????????jCWj????????????
????????????????????????????????????????
????TN???????????????????????????????????
?????????????????????????????????????????
?????????? TN? jCWj?????????????????TN < T < jCWj
????????????????????????????????????
???????????????????????????????????????
????????????????????????? 1.27???????1?????
?????????? 1.27(a)??2?????????????? 1.27(b)???????
????? 1.27(c)??3?????????????????? 1.27(d)?????1??
?????????????????????????????????????1??
???????? 1.28??????????????????????????????
??????????????? 1.28(a)??????????????????????
1.28(b)???????2?????????????????????????????
??????????? 2????????????????????????????
???????????????????????????????????????3?
T > |ΘCW|TN < T < |ΘCW|T < TN
T
χ
0 |ΘCW|TN
? 1.26: ???????????????????????????????
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(a) (b) (c) (d)
? 1.27: ?????????????????????(a)???????? (b)????
??? (c)???????? (d)????????????
(b)(a)
? 1.28: ???????????????? 1???????(a)??????????
(b)????????
????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? [29] ???
??????????????????? 1/3???????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????
32 ? 1? ??
1.4.2 ??????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????? 1.29?????
????????? 3????? Si?Sj?Sk ????????????????V ??
??????????????
V = Si  Sj + Sj  Sk + Sk  Si (1.22)
??????????? 1.30??????????????????????????
??????
 = Si  (Sj  Sk) (1.23)
???????
??????????????????????????? 1.29??????????
????????????????????????????????????????
?????????????? [30, 31] ??????????????????????
?????????????????????????????????? 1.31????
????????????????????????????????????????
????????????????????????????????????????
? 1.29: ???????????????????????
i i
j kkj
? 1.30: ???????????????????????
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高温常磁性相 カイラル秩序相 磁気秩序相
+ + +
+++
+ + +
- - -
---
- - -
+ + +
+++
+ + +
- - -
---
- - -
カイラリティ
秩序化
スピン
秩序化
? 1.31: ?????XY??????????????????????
????????????????????????????????????????
????????????????2??? XY??????????????????
????????????? [30] ?????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????? [31{33] ???????????????????????
????????????????????????????????????????
?????????????????????????????????
34 ? 1? ??
1.4.3 ????????????
???????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???? [34] ??????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
???????????????????????????????????????
?????????????????CuFeO2 [35] ?????? cubic?? tetragonal?
???????????? ZnCr2O4 [36] ?MgCr2O4 [37] ?CdCr2O4 [37] ??????
?????? 1.32?CuFeO2?????????????? [35] ???????? TN2?
???????????????????????????????? ZnV2O4 [38{41] ?
? 1.32: CuFeO2??????????? [35] ?
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MgV2O4 [40{42] ?????????????????????????????????
????????????????????????????????????????
??????? 1.33?? 1.34??MgV2O4?????????????????? [42] ?
??? T2????????????? T1??????????????????????
????????????
????????????????????? 3d????????? 1.35(a)????
??????????????????????????????? t2g ???????
???? eg???????t2g??????????????????????????
? c????????? 1.35(b)?????????????? t2g ??????xy??
??????????????? yz??? zx????????????????????
? 1.33: MgV2O4?????????? [42] ?
? 1.34: MgV2O4??????????? [42] ?
36 ? 1? ??
a
b
O2-
Cr3+
V3+
c
3d
eg
t2g
3d 3z2-r2
3d x2-y2
3d yz
3d xy
3d zx，
(b)
(a)
? 1.35: ??????????????????? (a)???? (b)3d??????
??????? eg??????x2   y2??????????3z2   r2????????
?????????????????????? Cr3+? CuFeO2? Fe3+? 3d????
??????????????? Cr3+?? 3d??? 3??????????? t2g??
? 3?????????????t2g? xy?yz?zx?????????????????
?????????????????????????CuFeO2???????????
???CuFeO2? Fe3+?? 3d??? 5??????????? t2g ?????????
eg??????? 3?? 2?????????????t2g?????????? eg??
????????????????????????????????????????
????????CuFeO2????????????????????????????
?????????????????????????
???????????????? V3+? 3d??????????????????
??? V3+?? 3d??? 2?????1????? xy??????2????????
?? yz??? zx????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????CuFeO2????????????????????????
???????????
1.5. ????????????????? 37
1.5 ?????????????????
1.5.1 ????????YMnO3
? 1.36(a)??YMnO3?????????? 1.36(b)???????YMnO3? S = 2
???????Mn3+??????????????????????????????
??????????????????????
? 1.37??YMnO3?????????????? [43] ??????ab???????
?? ab? c???????? c???????TN??????? ab? c?????
?????????TN??????????????????????????????
??????????????spin????????phonon?????????????
????????TN???????????????????????phonon????
?????????????????????YMnO3? jCWj? 650 K????? 1.38
?????????????????? [44] ????????????????????
???????????????????????????????????? phonon?
???????????????????????????????????
phonon????????? 1.39(a)????  1phonon-spin??????????????
????jCWj??????????????????????????????????
????????????????????? 1phonon-spin????????????jCWj
?????????????????????????????????????????
????????????????????????????????????????
c
b
a
Mn3+ : S = 2
(a) (b)
MnO5
Y
? 1.36: (a)YMnO3 ??????(b)S = 2???????Mn3+ ??????????
???
38 ? 1? ??
YMnO3
TN
? 1.37: YMnO3???? ab????????? ab? c???????? c?????
? [43] ?
? 1.38: YMnO3???? 280K??????????????????? [44] ?
??????????????????????????????? 1phonon-spin????
??????TN?????????????????????????????????
????? 1phonon-spin???????????????jCWj??????  1phonon-spin?
???????? phonon ????????TN ????  1phonon-spin ?????????
phonon????????????
? 1.39(b)?? 1phonon-spin?????????????? lphonon????jCWj???
????????????????????????????????????????
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0
ħω
q
phonon
spin
0
ħω
q
phonon
spin
0
ħω
q
phonon
κ, C, v, l, τ
TN
T0 |ΘCW |
τ phonon-impurity
τ phonon-phonon
C phonon
v phonon
l phonon
τphonon-spin
κ phonon
T
|ΘCW|TN
lphonon-spin = vphononτ phonon-spin
0
(a)
(b)
? 1.39: (a)YMnO3 ???? phonon?Cphonon?vphonon?lphonon ???????????
??????????????????????????????????(b)?????
?????? 1phonon-spin???????????????? lphonon??????
40 ? 1? ??
????????????????????????????????????????
????????????????????????????????????????
??????????? TN???????????????????????????
??????????????????????????????????? TN???
????????????????????????????????????????
TN < T < jCWj????????????????  1phonon-spin???????????
???
????????????????????????????????????? 1.40
????????????????????????????????????????
?????????????????????????????????? [45] ????
TN????????????????????? [46] ?????NiO?CoO?????
????? TN??????????????????????????????????
???????YMnO3?????????????????????????????
?????????
κ acoustic phonon
κ optical phonon
TN
? 1.40: YMnO3???? ab????????? ab????????????????
?? acoustic phonon???????????? optical phonon????????? [45] ?
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1.5.2 ????????????ZnCr2O4
? 1.41(a)???????????? ZnCr2O4 ?????????AB2O4?????
????B ??????????? 1.27(c)????????????????????
1.41(b)???????S = 3=2??? Cr3+ ????????????????????
TN = 12.5 K?????????????????? [36] ?CW =  390 K??? [47] ?
? 1.42??ZnCr2O4????????????????? [48] ?TN????????
?????????????TN??????????????????????????
????????????1.2.4???????????????????? phonon???
???????????????????????? 1.42??????????ACr2O4
?A = Cd?Zn?Mg?? ZnAl2O4?Al3+???????????????????????
ZnCr2O4???????? TN = 13 K??????????????????????
?????????????????????????????ZnCr2O4???????
???????????????????????????TN < T < jCWj?????
?????????????????????????????????????? 1.39
????YMnO3?  1phonon-spin??????????????????????????
??????????????????????????lphonon???????????
?????????????????????? ZnAl2O4??????????????
CdCr2O4?TN = 7.8 K?CW =  70 K [47] ????150 K???????????
? 1.43??92 mK???? ZnCr2O4????????????????? [48] ?2.5 T
????????????????????????????????2.5 T?????
??????????14 T?????????ZnCr2O4???????????????
Cr3+: S = 3/2
ZnO4
CrO6
c
b
a
(a) (b)
? 1.41: (a)ZnCr2O4??????(b) ?????? Cr3+?????????????
42 ? 1? ??
? 1.42: ZnCr2O4?????????????? [48] ????????????????
?????????????????????????? ACr2O4?A = Cd?Zn?Mg?
? ZnAl2O4???????????????
92mK
? 1.43: ZnCr2O4????????????????? [48] ?
??????????????? [49] ?1.7 K???????????????????
??????????????????????? 2.5 T?1.7 K???????????
????????????????????????????????????????
????????????????????????????????????????
???? 1phonon-spin?????lphonon????????????????????????
1.5. ????????????????? 43
1.5.3 J1-J2????LiCu2O2
? 1.44(a)??LiCu2O2?????????? 1.44(b)?????????????Cu2+
?????????1???????????????????????????????
?????????????????????????????????????jCWj
??H?c??? 81 K?H?ab??? 93 K??? [50] ?????? b????????
??????????? ab??????????????b?????????????
?????????a????????????
? 1.45??LiCu2O2???? ab?????????????????? [51] ?TN??
? 22 K?????????????????Zn??????????????????
??????????????? TN?????????????????????spin
????????????
???50 K??????????????????????????????? phonon
?????????20 K????????????????????LiCu2O2? phonon
??????????????????phonon???????????????????
?????????????????????? Sr2CuO3?SrCuO2?La2CuO4????
? spin?????????????????????????????????????
??????????? c????????????????????????????
???? spin????????????????? 1.45????????? Zn????
???????????????????????50 K???????????? spin
??????????????
Cu2+ : S = 1/2
(a) (b)
Cu（Cu+）
Li
CuO5
c
b
a
? 1.44: (a)LiCu2O2??????(b)?????? Cu2+?????????
44 ? 1? ??
TN
? 1.45: LiCu2O2???? ab??????????????? [51] ?
TN
0T
14T |ΘCW|
? 1.46: LiCu2O2???????? ab??????????????? [51] ?
? 1.46???????????????????? [51] ??????????????
????????????????????????TN???????????????
? [46] ??? phonon????????TN??? spin???????????????
??????
1.5. ????????????????? 45
??????50 K???????????????????????????????
??????YMnO3? ZnCr2O4????????????? TN < T < jCWj????
?????????????????????????????? phonon??????
??phonon????? 50 K???????????????????????
46 ? 1? ??
1.5.4 ????????????R2Ti2O7?R???????
???????????R2Ti2O7?R??????????????????????
????R2Ti2O7?R3+??????????????????????????? 1.47
??R2Ti2O7?R = Gd?Tb?Dy?Ho?Er?Lu?Y??????????????? [52]?
Tb2Ti2O7????? 20 K???????????????Tb2Ti2O7????????
????????????????????????????????????
?????????jCWj??????? phonon????????????????
???????CW   9:9 K?Gd2Ti2O7?[53] ? 14 K?Tb2Ti2O7?[54] ?1:3 K
?Dy2Ti2O7?[55] ?1:9 K?Ho2Ti2O7?[56] ? 22 K?Er2Ti2O7?[52] ????????
??????????Dy2Ti2O7? Ho2Ti2O7???????????????????
???????Lu2Ti2O7 ? Y2Ti2O7 ????????????????? Gd2Ti2O7?
Tb2Ti2O7?Er2Ti2O7 ?????????? jCWj ? 20 K ??????Gd2Ti2O7 ?
Er2Ti2O7??????jCWj??????phonon???????? 20 K???????
?????????? 20 K????? phonon ??????????????????
???????Tb2Ti2O7 ???jCWj? 20 K??????????????????
phonon????????????????????????????Tb3+??????
???????????????????????? [57]?jCWj??????? phonon
? 1.47: R2Ti2O7?R = Gd?Tb?Dy?Ho?Er?Lu?Y???????????? [52] ?
1.5. ????????????????? 47
?????????????? phonon?????????????????
R = Gd [58] ?Tb [59] ?Dy [60{62] ?Ho [63] ?Er [58] ?????????????
????????????Gd2Ti2O7?Er2Ti2O7??????????????????
???????????????????????????? Tb2Ti2O7???????
????????????????????????????????????????
?????????????????Dy2Ti2O7?Ho2Ti2O7????????????
?????????????????????????????????????????
Tb2Ti2O7?Gd2Ti2O7???????????????????
48 ? 1? ??
Tb2Ti2O7
Tb2Ti2O7 ???????? CW =  14 K??50 mK?????????????
??????????????????? [54] ???????????????????
??????????????Tb3+ ???????????? S = 1=2???? [64] ?
[110]?????????????????????X????????????????
??????? [65] ???????????????????????????????
?????????????????????????
? 1.48??Tb2Ti2O7 ?????????????? [59] ????????????
????phonon?????????????????????????????????
lphonon???????????????????????????? [66] ???????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????
? 1.49??Tb2Ti2O7?????????????????????????????
????? [59]??????????????????30{40?????????????
?????????????????????????? 1phonon-spin???????phonon
????????????????????????????????????????
1.49(d)???????H?[111]????2 T????????????????????
????????????????????????????????????????
?????????????????? 1.49(c)???????H?[111]???????
??????????0.36 K???14 T???????????????H?[111]??
? 1.48: Tb2Ti2O7??????????? [59] ?
1.5. ????????????????? 49
? 1.49: Tb2Ti2O7 ??????????????????????????????
? [59] ?
?????????????????????????????????2{3 T????
??????????? [67] ??????????1.2 T??????????????
??????????????????????????????? [68, 69] ??????
1 T??????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????
50 ? 1? ??
Gd2Ti2O7
Gd3+???? S = 7=2????????????????? L = 0????????
????????????????CW =  9:9 K??? [53] ?? 1.50??Gd2Ti2O7
???????? [70] ????????1 K? P ????????????? [71] ???
???? 0.7 K???? P ???? F ??????P ??? F ????? 1.51??? 4-k
????????????????????Gd3+???????? [111]???????
??F ?????????????????????????????????????
???????????????????????????????????P ?????
????????????????????????????????????? [71] ?
????????????????????????? [70] ?? 1.50???????1 K
??? 3 T???????????????????????????????????
P
F F
P
collinearcollinear
PMPM
? 1.50: Gd2Ti2O7????? [70] ?
? 1.51: Gd2Ti2O7???? 4-k???? [71] ???????????????Gd3+?
???????????????????Gd3+??????????????????
????????????????Gd3+???????
1.5. ????????????????? 51
??????????????? collinear?????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
? 1.52(a){(c)??Gd2Ti2O7??????????? JH?????????????
????????? [58] ?????? 14 T?????????????????????
????????????????????????? phonon?????????10 K
????????????????????????? 1.0 K? 0.7 K????????
????????????????????????????????????????
???????????????? 14 T??????????????????????
?  1phonon-spin???????????????????????
? 1.52(d){(f)??????????????????? [58] ???????????
?????????????????????6 T?????????????????
? 1.52: Gd2Ti2O7??????????? JH???????????????????
?????? [58] ?
52 ? 1? ??
????????????????????????????????????????
???6 T?????????????????????????????TN?????
1.95 K?????????????????????????????????8 T??
????????????????????????????????????????
??????????????????????????????????????8 T
?????????????????????????? 1phonon-spin?????????
?????????? [72] ?
0.36 K??????????????????????????????????1.52(d)
???1 T? 3.25 T????????????????? 1.52(e){(f)??????1 T?
3.5 T?????????????????????????????????????
?????????????????? 1.53????????????????????
? [58] ?????? 1.50?????????????????????????????
? 1.53: Gd2Ti2O7????? [58] ????????????????????????
??????????????????????????????
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????? 3 T???????F ????? collinear????????????????
????????????????????????????????????????
?????????????????????????????????3 T??????
????????????????? 1phonon-spin????????????????? [46,
72, 73] ????1 T???????????????????????????????
???????H?[100]? 1 T???????????????????? [74] ???
?????????????? F ?????????????????????????
???????????????????? 1 T??????H?[111]?H?[110]??
?? 1 T??????????????????
54 ? 1? ??
1.6 ????
?????????????20 K???????????? phonon????????
??????????????phonon? spin???????????????????
??????? phonon? spin???????????????????TN??????
?????? 3???????????? spin???????????????????
??? ?????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????TN ?
???????????????????? jCWj????????TN?? jCWj??
????????????????? jCWj????????????????YMnO3
? ZnCr2O4??????? jCWj??????????TN?????????????
?????????? 1.54???????TN?? jCWj??????????????
?? phonon???????????????????????jCWj??? LiCu2O2?
Gd2Ti2O7???????????????????????????????????
??????????????Tb2Ti2O7???jCWj???????phonon?????
??????????????????????????????Tb3+????????
?????????????????????? [57] ?jCWj????? phonon???
?????????????????????????? phonon??????? jCWj
??????????????????? 1.55????Tb2Ti2O7??????????
????????????????????????????????????????
????????????????? phonon??????? jCWj?????????
T
τ phonon-impurity
τ phonon-phonon
TN
0
l phonon
|ΘCW |
C phonon
v phonon
κ phonon
τ phonon-spin
κ, C, v, l, τ
? 1.54: ????????????????? phonon?Cphonon?vphonon?lphonon???
????????
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Gd2Ti2O7
YMnO3
LiCu2O2
ZnCr2O4Tb2Ti2O7
? 1.55: ?????????? phonon??????????
?????????????? phonon??????????????????????
??????????? spin??????????????
???????????????????????????????Ca2Y2Cu5O10??
??????????????????? phonon?????????????????
????????????????????????????????????????
????????????????????????????????????????
???????Gd2Ti2O7????????????????????????????
????
????????? jCWj???????????????????????????
??????????????????????????????????????? 1
????????????????????????????????????????
?????????????? 2???????
?????????
?????????????????? 1.56(a)?????????????????
1????????? Cu3Mo2O9?TN = 8 K?jCWj = 43 K [75] ??? 1.56(b)??
??????????? Ba3CoSb2O9?TN = 3.8 K?jCWj = 51 K [76] ?? CuFeO2
56 ? 1? ??
(b) (c)(a)
? 1.56: ??????????????????(a)Cu3Mo2O9?(b)Ba3CoSb2O9 ?
CuFeO2?(c)MgCr2O4?
?TN1 = 14 K?TN2 = 11 K?jCWj = 90 K [77] ??????? 1.56(c)???????
??????????MgCr2O4?TN = 12.5 K?jCWj = 370 K [47] ????????
1.7. ????????? 57
1.7 ?????????
1.7.1 ???????Cu3Mo2O9
????
Cu3Mo2O9??????? 1.57??????????????????? a = 7:667 A?
b = 6:862 A?c = 14:608 A??? [78, 79] ?Cu2+???? S = 1=2?????????
????????????????Cu?? Cu1?Cu2?Cu3????????????
?????Cu1? b???????????????????Cu1??????????
J4? J4 = 46 K???????????????Cu2?Cu3?????????????
Cu2? Cu3??????????? J3??????J3 = 67 K????Cu2? Cu3??
??????????????????????????????? = 46 K????
(a)
J1
J4
J2
J3
Cu1
Cu2
Cu3
Mo
O
a c
b
(b)
a
cb
? 1.57: Cu3Mo2O9???????Cu??????(a)???????????????
????(b)????????? b?????????????????????
58 ? 1? ??
???????? [80] ??????????Cu2?Cu3????????J1, J2 = 19 K?
?????????????????Cu1?Cu2?Cu3???????????????
????????????????????????????????????????
??????? 2.2 K?????? 1????????????????? [81] ?
??
? 1.58(a)??Cu3Mo2O9 ????????????? [80] ?20 K????????
????????????????????????????????????????
1.58(b)????????????????TN????H?a?????????????
?????????????????????????????????????????
??????????????????
? 1.59??TN????? 2.0 K??????????a?b?c??????M?Ma?
Mb?Mc????????Ma?????? 0 T????????????????Mc?
? 0.3 T??????????????????0:3 < H < 0:8 T???????????
???2 T???Mc?Ma??????Mb??Ma?Mc?????????????
TN = 8K
? 1.58: Cu3Mo2O9?????????? [80] ?
1.7. ????????? 59
? 1.59: 2.0 K ???? Cu3Mo2O9????? [80] ?
H//a H//cH//b
? 1.60: Cu3Mo2O9????????? [82] ?
????????????????????????????WF????????LRO?
????????????????Cu3Mo2O9?Cu1???????b????????
?????? ac???????????????????? 1.60??????????
??????? 30 T?????????? [82] ?H?a? 19 T??H?c? 17 T??
????????????????????????????????????????
??????Cu1???????WF??????? 1.61????? 1.61(a)?????
??ac???WF???????????????? 1.61(b)????????????
???????case1? case2?????????????b?????????????
60 ? 1? ??
a c
b
0 H//a
0 H//c
a
b c
0.1T
0.8T
WF-LRO
WF-LROWF-ランダム
WF-ランダム
a
b c
case 1 case 2
WF
(a) (b)
(c)
? 1.61: Cu3Mo2O9?????????WF???????????(a)ac?????WF
????????????(b)WF?????? 2????????????(c)H?a?
H?c???WF????????????? Cu1???????
????? 1.61(c)?????????????WF?????????????????
????H?a?H?c????????? 0.1 T?0.8 T??????WF???????
????????????????????WF-LRO????? 1.60??????H?a
?H?c???? 19 T? 17 T??????????????????????????
??????????????????????H?b???30 T??????????
?WF-LRO??????????
1.7. ????????? 61
? 1.62: Cu3Mo2O9?????????? [81] ?
????
? 1.62??Cu3Mo2O9????????????? [81, 83] ?????? 1?????
????????????????????????????????????????
????????????????????????????????????????
?? (0, k, 0)??????????????????????????????????
???1????????????????????????????????????
???
? 1.63?????????????? Cu3Mo2O9???????? [84, 85] ????
????????????????????????????????????????
??c?????? 7 T?????????????????????????
?1.64??c??????????????????????????? [86]?TN = 8 K
?????????????????????????????????????????
??????????????Dzyaloshinsky-Moriya?DM??????????????
?????????????????????????? [87{89] ???????????
?????????????????TbMnO3 [90] ?MnWO4 [91] ?LiCu2O2 [92] ???
???????Cu3Mo2O9?????????????????????????????
???????????DM???????????????????????Cu3Mo2O9
62 ? 1? ??
H//cH//bH//a
AFM
FE (Ps //c)
AFM
FE (Ps //a)
PM
PE
PM
PM
PE
AFM
FE (Ps //c)
AFM
FE (Ps //c)
AFM
Dielectric constant (E//a)
Dielectric constant (E//c)
Specific heat
? 1.63: Cu3Mo2O9????? [84, 85] ?
? 1.64: Cu3Mo2O9???? c???????????????????????? [86] ?
????????Bulaevskii [93] ?????????????????????????
?? [86] ?
?????????????????????????????? 1.65???????
??i?j?k??Half-lled???????????????????U ????????
?????????????????????????????????????Si?Sj?
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i i
jj k k
? 1.65: ???????????d?????????????? [94] ?
? 1.66: ??????????????????????????
Sk?????????i????????? i??
i =
X
i;j;k
JijJjkJki
U
3
2
[Si  (Sj + Sk)  2Sk  Sk] (1.24)
????????????????????Jij?Jjk?Jki?????? i???? j???
??j???? k?????k???? i???????????????Cu3Mo2O9??
????????????????????????????????????????
????????????????????????????? 1.66???????#1?
#4?????????????#2-#3?#5-#6???????????#1?#4???
??????????????????????????? 1.66(b)?????????
????P1?P2????????????????????????????????
??????? 1.66???? J3? J 03??????????P1?P2?????????
64 ? 1? ??
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????? [95] ?
????
Cu3Mo2O9??jCWj? 43 K??????????? 1??????????????
??????????? jCWj? phonon???????????????????spin
????????????????????????????????????????
????????????? spin???????????
???Cu3Mo2O9???????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????? 2???????????????????????
?????????????????????????
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1.7.2 ????????Ba3CoSb2O9
??????????????????????
???????????????????????????????????????
???????? 1.67??? 120??????????????????S = 1=2????
?????????????????????????????????? Resonating-
Valence-Bond?RVB?????????????? Anderson????????? [96] ?
RVB????? 1.68??????????????????????????????
?????????????????????????????S = 1=2???????
?? RVB????????????????120?????????????????
?????? [97, 98] ???????S = 1=2????????????????????
?????????????????????????????????????????
????????????????
? 1.67: 120????????
? 1.68: Resonating-Valence-Bond?RVB?????????????????????
?????????????????????????????
66 ? 1? ??
??????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????
???????????????????????????????????????
????????????????????????????????????????
??????????????? 1.69?????????????? [99] ??????
?????\?????????"?order by disorder?[100] ?????????????
?????????????????????????????120??????????
???????????Hs??????H < Hs=3?H = Hs=3?Hs=3 < H < Hs???
?????????????? 1.69? (a)?(b)?(c)????????????????
? 1.69(b)????? up-up-down(UUD)????????????H = Hs=3????
??????????????? [101] ????? [102] ????????????UUD
????????????????????? 1/3??????????????????
?????????????? RbFe(MoO4)2? Cs2CuBr4?????????????
??????
? 1.69: ???????????????????????(a)???? coplanar???
?????(b)up-up-down???(c)???? coplanar???
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????????????RbFe(MoO4)2?S=5/2?
?1.70??????????????RbFe(MoO4)2???????? [103]?RbFe(MoO4)2
??S = 5=2??????? Fe3+????????????????RbFe(MoO4)2??
??????????????????TN = 3.8 K??? 120???????????
????????????? 120?????????????????????????
????? 1.71????????????????? 1/3??????????? [104] ?
? 1.72????????NMR?????????????????????????
?? [104] ???????????????????????????????????
??????????????????????????P3?????????????
?????????????????? UUD???????????????????
1.73????? 2??XY????????? [105] ?????? P3??? TN????
???????????????????? P3??????????????????
????? 2??XY??????????????????????????????
(a) (b)
? 1.70: ????????????RbFe(MoO4)2????? [103] ?
? 1.71: RbFe(MoO4)2???? 120???????????????????????
? [104] ?
68 ? 1? ??
? 1.72: RbFe(MoO4)2???? 120???????????????????????
? [104] ?
? 1.73: ?????XY?????????????????????? [105] ?
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????????????Cs2CuBr4?S=1/2?
S = 1=2???????????????????????????????????
???????????? 1.74??Cs2CuBr4?????????S = 1=2??????
? Cu2+????????????????????????????????????
???????Cs2CuBr4 ??TN = 1.2 K??????????????? 1.75???
????60 mK??????????????Cs2CuBr4??????????????
????????????????? [106, 107] ?
? 1.76??Cs2CuBr4???? 28.5 T?????????? [108]???????? 1/3
????????????????????????????? 2??XY??????
???????????????????????????1/3????????????
????????????????????????????????????????
???????????DM?????Dij [Si Sj ]????????????????
????????????????????????????????????????
???????????????????????????Cs2CuBr4? 1/3??????
???UUD???????????????????????????? [109, 110] ?
? 1.74: ???????????? Cs2CuBr4????? [106] ?
70 ? 1? ??
? 1.75: ???????????? Cs2CuBr4????? [107] ?
? 1.76: Cs2CuBr4??????????????????????? [108] ?
1.7. ????????? 71
????
? 1.77(a) ??Ba3CoSb2O9 ????????????????????????
a = 5:8562 A?c = 14:4561 A ??? [76, 111] ?CoO6 ???? ab ????????
????????????SbO6???? 2??????? Sb2O9?Ba??????CoO6
?????????? Sb? Ba?????????????? 1.77(b)????????
?????Co2+??????????????????????Co2+????CoO6?
????????????????????????????????????????
??   250 K??????????S = 3=2? Co2+????????? S = 1=2??
??? [112, 113] ??????????????? Cs2CuBr4???????S = 1=2?
??????????????????????? 1/3???????????????
????????Ba3CoSb2O9???????????????S = 1=2???????
????????????????????????????????????????
?????????
?????????????????TN = 3.8 K? 120??????????? [76,
114] ??????H?c??ESR?????????????????????????
J = 18:5 K???????????????? J ' = 0.48 K???????? [115] ?
c
b
a
Co2+: S=1/2
J=18.5K
J’=0.48K
CoO6
Ba
Sb2O9
(a) (b)
? 1.77: (a) Ba3CoSb2O9??????(b) ??????Co2+?????????????
72 ? 1? ??
??
? 1.78??Ba3CoSb2O9????H?ab??????????? [116] ???????
???????UUD????????????????????UUD????????
??????????
? 1.79??Ba3CoSb2O9????H?ab?H?c??????????? [115] ?H?ab
???????? 1/3????????????????????????????UUD
0
5
10
15
0 1 2 3 4 5 6
T (K)
H
 
(T
)
120°
structure
UUD
PM
H//ab
? 1.78: Ba3CoSb2O9????H?ab???????? [116] ?
? 1.79: Ba3CoSb2O9????? [115] ?
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??????????????? 1/3???????????????????????
?????????????H?c?????????????????????????
?????????Ba3CoSb2O9??????????????????????????
?????????????????????????? 39?????????????
??? [117] ???????????????????????? [118] ????????
??????S = 1=2??????????????????????????????
???????????????????Ba3CoSb2O9???????????????
???????????????????
Ba3CoSb2O9 ????????? 1.79?????????????????????
ab??? 120??????H?ab???UUD????????????????? 2:1
coplanar???????????????22 T???????????????????
??????????????????????? [119, 120] ?H?c?????????
??????????????????????????????????? UUD??
??????????? 2:1 coplanar??????????
????
Ba3CoSb2O9??jCWj? 51 K??????????? 1????????????
????????????? jCWj? phonon ???????????????????
spin??????????????????????????????????????
??????????????? spin???????????
???Ba3CoSb2O9??????????????1/3????????? UUD??
???????????? UUD??????????????Ba3CoSb2O9?????
?? UUD???????????UUD????????????????UUD???
????????????????????????????????????????
???????? 2???????????????????????????????
?????????????????
74 ? 1? ??
1.7.3 ????????CuFeO2
????
? 1.80(a) ??CuFeO2 ???????????????????????????
a = 3:03 A?c = 17:09 A ??? [121] ?? 1.80(b) ???????S = 5=2 ????
??? Fe3+???? ab????????????c????????????????
?????? Cu+?????????????
??
CuFeO2????????????????TN1 = 14 K??????? partial disorder
?PD????????? 1.81??CuFeO2?????????PD???????????
??? c????????? c??????? [110]?????????????????
???????????? 5???????????????????????????
???????????????????????? TN2 = 11 K??4-sublattice?4SL?
?????????? c????????? collinear????????????????
????????????1.4.3????????CuFeO2? 4SL???????????
?????????????????? [35] ?TN1?????????????????
?????4SL?????????????? 1.82??TN2?????? c??????
?????????????????????????TN2?????????????
?????????? [110]??? 4SL??? b?????????? bmonoclinic????
Fe3+: S=5/2
(a) (b)
FeO6
Cu
c
b
a
? 1.80: (a)CuFeO2??????(b) ?????? Fe3+?????????????
1.7. ????????? 75
a
b
[110]
c
TN1=14KTN2=11K
0 T
4SL相 PD相 常磁性相
c
? 1.81: CuFeO2??????
amonoclinic
a
b
c
J1
J2 J3
bmonoclinic
Fe3+
? 1.82: c??????? TN2??? CuFeO2?????????
????????????????????????? J1?J2?J3??????????
??????????????????????? J1 = 3:0 K?J2 = 3:4 K?J3 = 2:0 K
????????????? [122] ???????????????? Jz = 0:54 K??
??????Fe3+? 3d??? 5?????????? S = 5=2??????? L = 0?
????????????????????????????????????????
????????????????????????CuFeO2????????????
???? 120?????? collinear? 4SL????????????????????
???????????????????????????????? [35] ?
76 ? 1? ??
? 1.83?????????????? [123] ???? c??????????????
?????????????????????? c????????????? 0 K??
?????????????????????c???????????????????
??????
? 1.84??CuFeO2 ???? c????????????????????? [124] ?
7 T? 4SL?????????????????????????FE-ICM??????
??????13 T? 5-sublattce?5SL????????FE-ICM???????????
? 1.83: CuFeO2?????????? [123] ?
[110]
c
H//c
TN1
TN2
? 1.84: CuFeO2????? [124] ?
1.7. ????????? 77
4SL FE-ICM 5SL
H//c
T=4.2K
3SL canted 3SL
? 1.85: CuFeO2????? [125] ?
????????[110]????????????????5SL?????????? c?
??[110]??? collinear?????????????
? 1.85??c?????????????????? [125] ?4SL??????????
??????????7 T? FE-ICM???????????????????FE-ICM
???????????????????????13 T? 5SL???????????
??????????5SL????????? 1/5?????????????????
?????20 T? [110]????????????????? 3-sublattice?3SL????
?????? 1/3?????????32 T?????????? canted 3SL??????
????????????????????????????????????????
????????????????????????????????
???????
???????????????????????????????????? [125{
127] ?? 1.86?????? amonoclinic? bmonoclinic????????? [125] ?bmonoclinic
?????? 1.85????????????????????????????????
?????????? [125] ?Fe-Fe????????????????????????
?????O2 ??????? 90????????????????????????
??TN2?????????? ahexagonal??? bmonoclinic????????Fe-O-Fe??
?????? 180??????????????????????????? 4SL???
78 ? 1? ??
4SL FE-ICM 5SL
H//c
T=4.2K
3SL canted 3SL
? 1.86: CuFeO2????? amonoclinic? bmonoclinic?????? [125] ?
???????????????? [125, 128] ???????????????????
???????????bmonoclinic?????????????????????????
??????????????????bmonoclinic??????????????????
?????
???
Kimura???????????????? FE-ICM???????FE???????
?????? [128] ?????????????????d-p hybridization??????
??????? [129] ?
????
Fe3+??????????Al3+???????????4SL?????????????
??????? 1.87??Al?????CuFe1 xAlxO2???????? [130] ??????
???x > 0:15???????FE-ICM????????????1.88??CuFeO2?x = 0?
?CuFe1 xAlxO2?x = 0.0155?0.0208????????????? [131] ?CuFeO2??
???????? 1.88(a)?????1 meV????????????????????
1.7. ????????? 79
FE-ICM
? 1.87: Al???? CuFe1 xAlxO2????? [130] ?
?????CuFe1 xAlxO2?x = 0.0155?0.0208??????????? 1.88(b)???
????????????????????????????????????????
??CuFe1 xAlxO2?x = 0.0155?0.0208?????????????????????
CuFeO2?????????????????????????????Fe3+?????
????????????????????????????????????????
?????????????????????????????????????
????
CuFeO2 ??jCWj? 90 K??????????? 1??????????????
??????????? jCWj? phonon???????????????????spin
????????????????????????????????????????
????????????? spin???????????
???CuFeO2??c??????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????? 2????????????????????????
????????????????????????
80 ? 1? ??
(a)
(b)
? 1.88: (a)CuFeO2? (b)CuFe1 xAlxO2? 4 K????????????? [131] ?LE?
ME?HE????????????????????????????????????
?????
1.7. ????????? 81
1.7.4 ????????????MgCr2O4
????
? 1.89(a)??MgCr2O4????????????????????????????
a = 8:333 A??? [132] ?? 1.89(b)???????S = 3=2??????? Cr3+??
??????????????????
??
? 1.90?????????????? [37] ?TN = 12.5 K?????????????
??????????????????????????1.4.3????????????
????????????????????????????????????????
???MgCr2O4??1.5.2???? ZnCr2O4????? TN?CW????? [133] ??
?????????????????????????????????????????
??????????????????????MgCr2O4?? J1 = 34:4 K?J2 = 5:7 K?
ZnCr2O4??J1 = 33:4 K?J2 = 4:4 K????????????? [134, 135]?MgCr2O4
??????????????????????????Mg2+??????? Zn2+?
???????????????????????ZnCr2O4?????TN??????
?????????????????????????????? [36] ?????TN?
??????????????????????????? [136] ?TN????????
????????MgCr2O4? ZnCr2O4?????????? [137, 138] ?
? 1.91???????????? ZnCr2O4?MgCr2O4?CdCr2O4?HgCr2O4 ???
????? [47] ?CdCr2O4 ? HgCr2O4 ?????? 28 T [139] ? 10 T [140] ???
Cr3+: S = 3/2
MgO4
CrO6
c
b
a
(a) (b)
? 1.89: (a)MgCr2O4??????(b) ?????? Cr3+?????????????
82 ? 1? ??
? 1.90: MgCr2O4?????????? [37] ?
? 1.91: ?????????? ZnCr2O4?MgCr2O4?CdCr2O4?HgCr2O4 ????
? [47] ?????ZnCr2O4 ? MgCr2O4 ????? 4.2 K?CdCr2O4 ? HgCr2O4 ??
??? 1.8 K????CdCr2O4????????????????
???? 1/2?????????????????ZnCr2O4?MgCr2O4???????
??????50 T??????????????????????????? a????
?? CW ? TN?? 1.1??? [47] ??????????????Cr-Cr??????
? CW ? TN ?????????????????????CW ???? HgCr2O4 ?
CdCr2O4????????????????????????????????????
?????ZnCr2O4?MgCr2O4?????????????????????????
1.7. ????????? 83
? 1.1: ?????????? ZnCr2O4?MgCr2O4?CdCr2O4?HgCr2O4????? a
??????CW? TN [47] ?
a (A) CW (K) TN (K)
ZnCr2O4 8.3267  390 12.0
MgCr2O4 8.3341  370 12.5
CdCr2O4 8.567  70 7.8
HgCr2O4 8.658  32 5.8
?????????????ZnCr2O4?MgCr2O4????CW??????????
????????????????????????????????????????
???ZnCr2O4?????120 T?????????????????????????
??????? [141] ?
TN???????????????????????????????????????
??????????????????????????????? [36, 142, 143] ??
??????????MgCr2O4? ZnCr2O4????????????????????
???
????
MgCr2O4??jCWj? 370 K??????????? 1??????????????
??????????? jCWj? phonon???????????????????spin
????????????????????????????????????????
????????????? spin???????????
???MgCr2O4 ??TN ????????????????????????????
????????????????????????????????????????
?????????????????????? 2?????????????????
???????????????????????????????
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?2? ????
???????????????????????????????????????
????????X??????????X????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????? Floating Zone??FZ????
?????
2.1 ????
???????????????Ba3CoSb2O9 ? CuFeO2 ? FZ ?????????
Cu3Mo2O9 ????????? [144] ??????????????????????
???????????????MgCr2O4??FZ?????????????????
???????????????????? [145] ?
CuFeO2????????????Zhao???? [146] ??????????????
????FZ??????????Ba3CoSb2O9? CuFeO2?????????????
? 2.1????
? 2.1: Ba3CoSb2O9? CuFeO2?????????????
?? ?? ???
BaCO3 99.9% ??????
Co3O4 99.9% ?????
Sb2O5 99.9% ?????
CuO 99.9% ??????
Fe2O3 99.9% ??????
86 ? 2? ????
2.1.1 ?????
?2.1??FZ??????????????????????????????FZ???
????????????????????CANON MACHINERY INC. SC1-MDH11020
IR Image Furnace??????????Crystal Systems Inc. FZ-T-4000-H-I-S-T-K??
????????????????????????????????????????
FZ???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????
? 2.1: FZ???????
2.1. ???? 87
???????
FZ???????????????????????????????????????
????????????????????????????????????????
??????????????
???????????????????????????????????????
????????
1. ??????????
(a) ????????????????????Ba3CoSb2O9 ????????
BaCO3?Co3O4?Sb2O5? Ba:Co:Sb = 3:1:2 ???????????CuFeO2
???????? CuO? Fe2O3? Cu:Fe = 1:1 ?????????????
70 g??????? 3{4????????????
(b) ??????????????????????????? 20{30?????
????????????????????????????
(c) ??????????????????????? 90{120?????????
????????????????????????????????????
???????????????????????????
(d) ???????????????????Ba3CoSb2O9??????????
???????????????????????????????????
????CuFeO2 ???? Ar??????????????? 20 mm??
???????????????????????????????????
?? 2.2???????
(e) ??????????????????????????? 20{30?????
???????????????????????????????? 90{120
???????????????????????????????????
??????????
? 2.2: Ba3CoSb2O9? CuFeO2???????????????
?? ??? ??? ???2???? ?????? ?????
Ba3CoSb2O9 ??? 1000? 20h 1100? 24h 1100? 12h 1450? 24h
CuFeO2 Ar ow 950? 24h 950? 24h 950? 24h
88 ? 2? ????
(f) ??????????????????????????Ba3CoSb2O9???
???????????????????????????????????
????????????????
(g) ??????2???????????(e),(f)???????
2. ?????
(a) ???????????????????????????????????
??????????????????Ba3CoSb2O9???????????
?????????????????????????????? 8 mm?
?????CuFeO2?? 7mm??????????????????????
???????????????????????????????????
?????????????????????????????????CO2
?H2O????????????????????????????????
???????????????????????????????????
???????
(b) ???????????????????????????????????
?????????????????
(c) ???????????????????????????????????
????????????????????????????????????
???????????????????????????????????
????????????????
(d) ???????????????????????????????????
?????????? 15????????????????????????
???????????????????????????????????
??????????
(e) ????????????????????????????????? 15?
?????????????????????
(f) ???????????????????????????????????
????
(g) ???????????????????????????????????
????
(h) ???????????????????????????????????
???????????????????????????????????
2.1. ???? 89
????????????????????????????????????
????????? 10 cm????????????
(i) ?????????????????Pt???????????Ba3CoSb2O9
???????CuFeO2????????????
(j) ???????????????????????????FZ???????
??????????Ba3CoSb2O9????????????????????
???????
(k) ?????????????????
3. ?????
(a) 2.???????????Ni??????????????????????
??????????????????? 3{5 cm????????????
???
(b) ??????????????????????? FZ??????????
???????????????????????
(c) ?????????????30???O2?????Ar??????????
???????????????????????????????????
???????? 2.3???????
(d) ???????????????????????????????????
????????????????
(e) ???????????????????????????????????
?????
(f) ???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
?????????????????????????? 1????????
?????????????????????
? 2.3: Ba3CoSb2O9? CuFeO2???????????
?? ?????? ???? ???????
Ba3CoSb2O9 O2 ow? 1{3 atm 10{20 mm/h 20/20
CuFeO2 Ar ow? 1 atm 1 mm/h 20/20
90 ? 2? ????
4. ??????
????????????? 1 mm ? 1 mm ? 5 mm?????????????
????????
(a) ????????????????????????????????
(b) ????????????????????????????????????
???????????????????????????????????
???????
(c) ???????????????????????????
(d) ????????????????????????? 0.5 ???????
???????????????????????????????????
?????????????
2.2. ???? 91
2.2 ????
2.2.1 ??X???
?????????????????????????????????X??????
????????? Si??????????????????????????????
2.4?????????
? 2.4: ??X???????????
???? BRUKER ? NEW D8 ADVANCE
?? Cu K ( = 1:5406 A)
??????? 40 kV, 40 mA
???? Ni
???? 10  2  70
???? ??????
???? ??
2.2.2 ??????X???
????????????????????X????????????? 2.5???
???????
? 2.5: ?????????????
???? RIGAKU R-AXIS???????????
?? ??????
??????? 40 kV, 20 mA
???? ? 90 ?
???? ??????????????????
92 ? 2? ????
2.2.3 ???
????????Quantum Design?? SQUID??????Magnetic Property Mea-
surement System?MPMS???????????????????????
? 2.6: ??????????????
???? MPMS ?Quantum Design?
???? RSO?
???? 0.1 T
?????? 2{300 K
2.2.4 ??
????????????????????????????????????Quantum
Design??PPMS?Physical Properties Measurement System?????????????
?????? 2.7????????????????????????????????
????????????????????????????? 2.2??????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
???????N????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????Kw?
T?Tb?????????????????????????Kw(T  Tb)???????
???? C ??????t?????????T ????????????????
???????CT=t?????????????????????????????
????????????????????????????????Tb? T ?????
???????????????
Kw(T   Tb) =  CT
t
(2.1)
2 ??????????????????????????????????????
2.2. ???? 93
? 2.7: ?????????????
???? PPMS ?Quantum Design, Model 6000?
???? ????
???? 0{9 T
?????? 2{70 K
サンプル
ヒーター 温度計(T)熱浴
ワイヤー
熱の流れ
ステージ
? 2.2: ????????????????.
??????????????????????????????
Cplatform
T
t
=  Kw(T   Tb) +Kg(Ts   Tp) (2.2)
(2.3)
Csample
T
t
= Kg(Ts   Tp) (2.4)
????Cplatform??????????????Csample????????Kg?????
????????????????????????????Tp? Ts????????
???????????
94 ? 2? ????
2.3 ????
2.3.1 ????
?????????????????????????? 2.3????????????
????????????????????????????
1. ???????????????????????
2. ???????????? cernox??????????????????????
????????
3. ???????????? ??????
 =
Q
T2   T1 
l
S
(2.5)
????Q?????????(T2   T1)?????????l????????S??
?????????? 2.8??????????
?????on?????o????????T1?T2???????????? (T2 T1)
???????? 2.4????????? on?????????? o????????
??????????? 5???????????????? o???????????
????? on???????????????????????????????? (2.5)
????? (T2   T1)????????
???????????? T1?T2?????????? 1% ????????????
????????????????????????????????????????
????????????????????????
???????????????????????????????????????
??? on?????????? o????????????????????????
????????????????????????????????????????
???????????????????????????
熱浴
ヒーター
cernox温度計(T2)
cernox温度計(T1)
試料
? 2.3: ???????????
2.3. ???? 95
? 2.8: ??????????????
???? ???????????? ???????????
????????? ???? ????
??????? ??? liq4He?5{150 K?
liq4He????3{5 K?
???? - 0{14 T
?????? 5{300 K 3{150 K
ヒーターon ヒーターoff
T2
T1
T2-T1
? 2.4: ?????????????????????????????????????
?????????
?????????
???????????????????
1. ??????????????????????? 0.12 mm?Cu???????
? 3???????????????1????????????????????
?????????????????????????????????????
???????Cu?????????????Cu???????????GE7031
??????????????????????????????????????
????????????
96 ? 2? ????
2. ????????????????? In???????????????????
??????????????????????????????????????
?GE7031??????????????
3. 140?????????????????????????? In????????
???????? In????????????????????? In??????
?????????????????????????????????????
???????????????????? In?????????????????
?????????????????????????????????????
???????????? GE7031?????????????????????
???????????????????????
4. ??????????????????????????????????????
??????N??????????
5. cernox??????? Cu??????????? N?????????????
???????????Cu?????????????????????????
????? cernox?????????????????????????????
???????????????????
6. ?????????????????????????????????????
????????????????????????????????????
7. ?????GE7031??????????????????GE7031???????
?? 2??????????????????????????????????
?????????????????????????????????
? 2.5: ???????????????????
2.3. ???? 97
8. GE7031???????????????????????110 5 Torr?????
??????O????????????O?????????????????
????????????????
9. ????????????????????????
??????????????
????????????????????????heat leak???????????
????????????????????????????????????????
????????????????????????
?????????????????????????? 3????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????? 1 10 6 Torr?????????????
???????????????????????????????????????
???????????????????????????????????? Ss???
????????????????????????????????????????
?????????
rad = 4"sSsT
3 (2.6)
?????????? [147] ????????????????????= 5:67 10 8
W/m2  K4??"s?????????????????????????????????
????????????????????????????????????????
"s = 1???????? 0 < "s < 1????????????????????????
????????????????????????????????????????
???????(???) + (???) = 1??????????????????????
????????????(???) = 1   (???)?????????????????
????????????????????????????????????????
????????????????????????????????????????
? "s = 0:07????
? (2.6)?????????????? T 3????????????????????
?????????????????????????????????????????
1. ????????????
2. ????????????
98 ? 2? ????
????????1.????????????????????????????????
2.???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???
?????????????????????????? SUS304?????????
??????? 2.6???????? 150 K????????????????300 K?
? 5 W/Km??????????
0
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実験値
推奨値
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T (K)
ステンレス（SUS304）
NBS Special  Publication 260-89, 1984.
? 2.6: ?????????????????? SUS304??????
99
?3? ???????????
3.1 ???????Cu3Mo2O9
?????
Cu3Mo2O9???????????? [144] ???????????????????
??????????????????
100 ? 3? ???????????
3.2 ????????Ba3CoSb2O9
?????
Ba3CoSb2O9??????????Zhou??????????????Traveling-Solvent
Floating-Zone??TSFZ??????????????? [116] ???????????
??????????????????????????? Ba3CoSb2O9????? FZ
????????????????? FZ??????????????? 3.1????
????????????????????????????????????????
????????????????????? 3.1?????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????? 30 mm????
???????????????????????????? 40 mm?????????
10 mm/h????????????????????????????????
? 3.1: Ba3CoSb2O9?????????
???? Ba:Co:Sb = 3:1:2
???? 1000 ? 20h ???
???? 1100 ? 24h ???
??????? 1100 ? 12h ???
??????? 1450 ? 24h ???
FZ??? O2 ow 1{3 atm
?????? 10{20 mm/h
??????? 20/20
FZ? CANON MACHINERY INC. SC1-MDH11020 IR Image Furnace
??? 1500 W
3.2. ???????? Ba3CoSb2O9 101
石英管
アルミ
ホイル
? 3.1: ???????????????????? FZ???????
102 ? 3? ???????????
3.2.1 ????????
??X??????????X???
? 3.2??Ba3CoSb2O9??????????? 3.3????X???????????
????????Ba3CoSb2O9??????????????????????????
??????? 3.4??c?????X???????????????????????
?????????????????????????
1cm
? 3.2: FZ???????? Ba3CoSb2O9????
10 20 30 40 50
2θ (degree)
In
te
n
sit
y
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u
n
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) Ba3CoSb2O9 110
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? 3.3: Ba3CoSb2O9??????X???????
? 3.4: Ba3CoSb2O9???? c?????X????????????????
3.2. ???????? Ba3CoSb2O9 103
???
? 3.5(a)????????????????????????????????7 K?
????????????????????????????? 3.5(b)????????
????????????????
 =
C
T  CW (3.1)
???????????????C????????CW???????????????
CW   54 K?C = 3:4 emu K/mol???????????????????????
??CW =  107:5 K [111] ? 51(4) K [76] ???????????????C ???
?????????????Doi? [76] ??????????????????????
???????????????????????????????
0.020
0.025
0.030
0.035
0.040
0 10 20 30 40 50 60 70
T (K)
χ 
(em
u
/m
o
l・
O
e)
1000 Oe
Ba3CoSb2O9
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TN=3.8K
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χ
T (K)
1000 Oe
Ba3CoSb2O9
H // ab
ΘCW ~ -54KΘCW
(a) (b)
? 3.5: (a)Ba3CoSb2O9?????????????(b)???????????????
??????????????????
104 ? 3? ???????????
??
? 3.6(a) ??ab ???????????????????????????????
TN = 3.8 K????????????????Shirata???????? 3.7(b)????
????????????????TN??????????????? [114] ?????
??? Zhou?????? [116] ???????? 3.7(a)?? 3.6(b)???????TN?
???????????????????????PPMS??????????????
?????????????TN??????????????????????????
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H // ab
0T
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(a)
(b)
? 3.6: (a)Ba3CoSb2O9 ??????? ab ???????????????????
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? 5.6: Cu3Mo2O9??????????????????????????????
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5.2 ????????Ba3CoSb2O9
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5.5 ??
????Cu3Mo2O9?Ba3CoSb2O9?CuFeO2?MgCr2O4??????????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?????????????????????????????????????????
Cu3Mo2O9?Ba3CoSb2O9????????????????????????????
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6.2 ???????????????????
Cu3Mo2O9???7 T?????????????????????????????
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